Abstract S1P 2 sphingosine 1-phosphate receptor signaling can regulate proliferation, survival, morphology, and migration in many cell types in vitro. Here, we report that S1P 2 −/− mice develop clonal B-cell lymphomas with age, such that approximately half of the animals display this neoplasm by 1.5 to 2 years of age. Histologic, immunophenotypic, and molecular analyses revealed a uniform tumor phenotype with features of germinal center (GC)-derived diffuse large B-cell lymphoma (DLBCL). Tumor formation was preceded by increases in GC B cells and CD69 + T cells, as well as an increased formation of spontaneous GCs, suggesting that S1P 2 loss may promote lymphomagenesis in part by disrupting GC B-cells homeostasis. With the sole exception of rare lung tumors, the effect of S1P 2 gene disruption is remarkably restricted to DLBCL. In humans, 28 of 106 (26%) DLBCL samples were found to harbor multiple somatic mutations in the 5′ sequences of the S1P 2 gene. Mutations displayed features resembling those generated by the IgV-associated somatic hypermutation mechanism, but were not detected at significant levels in normal GC B cells, indicating a tumor-associated aberrant function. Collectively, our data suggest that S1P 2 signaling may play a critical role in suppressing DLBCL formation in vivo. The high incidence of DLBCL in S1P 2 −/− mice, its onset at old age, and the relative lack of other neoplasms identify these mice as a novel, and potentially valuable, model for this highly prevalent and aggressive human malignancy. [Cancer Res 2009;69(22):8686-92] 
Introduction
Sphingosine 1-phosphate (S1P) can potently regulate the proliferation, survival, migration, and morphology of many cell types in vitro (1, 2) . In vivo data implicate S1P in the physiology of the cardiovascular, immune, reproductive, and nervous systems (1) (2) (3) . S1P elicits most of its effects via one or more members of a family of G protein-coupled receptors currently called S1P 1 -S1P 5 (1) (2) (3) (4) (5) . The S1P 2 receptor (previously named AGR16, H218, Edg-5, and LP B2 ) binds S1P with nanomolar affinity and is ubiquitously expressed throughout development and adulthood (1) (2) (3) (4) . S1P 2 couples to G i , G q , and G 13 , leading to signaling through multiple pathways involving extracellular signal-regulated kinase/ mitogen-activated protein kinase, cyclic AMP, c-Jun, c-Fos, Ca 2+ , Rho, and Rac (1) (2) (3) (4) (5) . S1P 2 -dependent signaling has also been shown to mediate S1P-induced proliferation, survival, morphology, and migration in a wide variety of cell types in culture (1, 5) . S1P 2 knockout studies indicate essential in vivo roles in neuronal excitability during development (6) , auditory and vestibular maintenance (7) (8) (9) , and vascular tone (10) . The signaling pathways and the cellular effects of S1P 2 both raise the possibility of S1P 2 involvement in cancer. In vitro manipulation studies have specifically addressed this issue, revealing that S1P 2 activation can inhibit cancer cell migration, invasion, and metastasis (11) (12) (13) . However, the widespread in vivo expression of S1P 2 , and its many cell type-dependent actions revealed in culture, make it difficult to predict what in vivo roles it may play in cancer.
We report here that targeted disruption of the S1P 2 gene in mice leads to a high incidence of lymphoma formation with aging. These tumors display a remarkably uniform diffuse large B-cell lymphoma (DLBCL) phenotype of germinal center (GC) origin preceded by an increase in GC B cells and spontaneous GC formation. Moreover, the S1P 2 5′ sequences were found to be mutated in 26% of human DLBCL, but not in normal GC B cells, suggesting that S1P 2 is aberrantly targeted by somatic hypermutation (SHM) in this lymphoma (14) . Overall, these data suggest that S1P 2 may play a nonredundant in vivo role in suppressing DLBCL formation.
Materials and Methods
S1P 2 knockout mice. The mouse S1P 2 gene was targeted through homologous recombination as previously described, leading to the deletion of the complete protein-coding region of this gene (6) . S1P 2 −/− mice and S1P 2 +/+ controls were generated on a 50:50 129SvEvBrd/C57Bl/6 background via S1P 2 +/− intercrosses and were genotyped by Southern blot or PCR of tail DNA. An additional cohort was generated on a pure 129SvEvBrd background. S1P 2 −/− mice were born at the predicted Mendelian frequency (6). They were maintained under standard housing conditions and monitored for abnormalities up to 18 to 24 mo of age. In our previous study, some S1P 2 −/− mice in the mixed genetic background were observed to have rare (mean, <4), brief (mean, <5 s) seizures during development and an ∼15% overall death rate from the seizures (6). On a pure 129SvEvBrd background, the overall S1P 2 −/− death rate drops below 5%. 5 All experimental data were collected and analyzed without prior knowledge of genotype. All mice were cared for in accordance with the University of Cincinnati and Columbia University Institutional Animal Care and Use Committees.
SRBC immunization. For analysis of T cell-dependent immune responses, age-and sex-matched mice were immunized i.p. with 0.5 mL of a 2% SRBC suspension in PBS (Cocalico Biologicals), and sacrificed 10 d later.
Flow cytometry. The following antibody combinations were used on single-cell suspensions from normal organs or tumors: A: B220, IgM, IgD, and Ig κ light chain; B: B220, CD23, CD21, and CD11b; C: IgM, CD43, CD5, and CD19; D: B220, CD138, IgM, IgD, and Ig κ light chain; E: B220, CD69, and CD80; F: B220, A44.1, IgM, and CD43; G: CD3, CD4, CD8, and Vβ8 TCR. The enumeration of GC cells was performed by four-color staining with B220, Peanut Agglutinin (PNA), CD38, and GL7. All antibodies were from BD Pharmingen, except for the IgD-Pe (Southern Biotechnology, Inc.). Data were acquired on a FACSCalibur (Becton Dickinson) and analyzed with the FlowJo software (Tree Star, Inc.).
For cell proliferation measurements, 2 mg BrdUrd (Roche Biochemical) was injected 2 h before sacrifice. Four-color BrdUrd staining (Pharmingen) was performed on surface-labeled cells according to the manufacturer's instructions. Membrane exposure of phosphatidylserine in apoptotic cells was measured with recombinant, phycoerythryn-labeled AnnexinV (Pharmingen), and 7-AminoActinomycin D (Sigma) staining identified dead cells.
Histology, immunohistochemistry, and immunofluorescence. Fourmicrometer-thick formalin-fixed, paraffin-embedded sections were stained for H&E or immunostained as published previously (15) using the following primary antibodies: rabbit anti-BCL6 (N3), goat anti-IRF4 (sc-6059), goat anti-Pax5, goat anti-CD21 (sc-7028; Santa Cruz Biotechnology), donkey anti-IgM (Jackson Immunoresearch Laboratories), rat anti-B220, CD138 (BD Pharmingen), and PNA lectin (Vector). Double immunohistochemical stainings were performed as published previously (16) with noncrossreacting combinations of primary and secondary antibodies.
Morphometric quantitation of GCs was performed with ImageJ (RSB, NIH). Grayscale or color images were acquired at room temperature using a Nikon E600 microscope (Nikon USA), fitted with Planachromat 4×/0.10/ 30.0, 10×/0.25/10.5, 20×/0.40/1.3, PlanApo 40×/0.095/0.12 to 0.16 (light microscopy) objectives, with a SPOT-2 CCD camera and software (Diagnostic Instruments). All images were edited for optimal color contrast with Adobe Photoshop 7 whole-image autocontrast feature, cropped, then mounted and labeled with Adobe Illustrator 10 (Adobe Systems), on an Apple G4 computer (Apple Computers).
Southern blot analysis and SHM analysis of Ig genes. Genomic DNA was isolated from tumor specimens by the salting out method, and screened for the presence of clonal immunglobulin heavy chain (IgH) gene rearrangements by Southern blot analysis according to standard procedures. Briefly, 5 μg of DNA were digested with EcoRI, separated by electrophoresis through a 0.8% agarose gel, transferred to nylon membranes, and hybridized with a radiolabeled fragment specific for the murine JH4 region.
For mutational analysis, the rearranged Ig variable heavy chain genes were amplified from genomic DNA as described (17) ; in a subset of samples, cDNA synthesis and reverse transcription-PCR (RT-PCR) amplification were also performed using primers specific for all the major murine IGVH families, and the protocols are available upon request. Amplicons indicative of clonal rearrangements (i.e., appearing as a discrete band on gel electrophoresis) were gel purified using the QIAQUICK purification method (QIAGEN) and sequenced directly to confirm the clonal nature of the rearrangement and to identify the presence of mutations. Since direct sequencing can only detect changes present in a significant fraction of the template DNA (i.e., clonally represented mutations), Taq errors are negligible and only mutations present in the clonal, tumor population are identified. Sequences were compared with the National Center for Biotechnology Information mouse genome databases and Ig sequence database, as well as to our own database to rule out polymorphisms or contamination with previously amplified rearrangements. All mutations were confirmed on independent PCR products.
RNA extraction and Northern blot analysis of S1P2 expression. Total RNA was extracted from 20 DLBCL cell lines using TRIZOL (Invitrogen), and Northern blot analysis was performed according to standard procedures, with radiolabeled probes corresponding to a fragment of the human S1P2 cDNA, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a control for loading. The primers used for generation of the S1P2 probe are S1P2RT-F1 (5′-tgccaaggtcaagctgtatg-3′) and S1P2RT-R1 (5′-agtccagaaggaggatgctg-3′). S1P2 expression levels were then quantitated by Phosphorimager analysis and normalized with the GAPDH levels.
Results

S1P 2
−/− mice develop lymphomas with aging. To examine the function of S1P 2 in tumorigenesis, a cohort of age-matched S1P 2
and S1P 2 +/+ mice was monitored for the occurrence of pathologic events over a period of 2 years. Complete necropsies, performed on eight S1P 2 +/+ and nine S1P 2 −/− mice found dead between 14 and 23 months of age, revealed the presence of extensive lymphoma involvement in four of the S1P 2 −/− mice, whereas only one of the S1P 2 +/+ mice had a pathologic mass on its spleen that could not be diagnosed due to severe tissue autolysis. Following these observations, we sacrificed and analyzed 13 randomly selected 19-to 24-month-old S1P 2 −/− mice and 11 age-matched S1P 2 +/+ controls deriving from the same breeding pairs (in many cases, littermates). Complete necropsies of these mice revealed lymphomas in 7 of 13 (54%) of the S1P 2 −/− mice (total, 11 of 22) but none of the S1P 2 +/+ controls (total, 1 possible of 19). Tumors were found in mesenteric, submandibular, and mediastinal lymph nodes; in the spleen; and rarely in liver and retroperitoneal soft tissue, with frequent involvement of multiple sites within individual animals. Tumors with the same characteristics were subsequently seen on a pure 129SvEvBrd background, with 6 of 9 (66%) of the 18-to 24-month-old S1P 2 −/− mice examined displaying lymphomas, in contrast to 0 of 9 of the age-matched S1P 2 +/+ controls. Therefore, in total, 17 of 31 (54.8%) S1P 2 −/− mice were found affected compared with 1 possible of 28 (3.6%) S1P 2 +/+ controls. In addition to the lymphoid malignancies, 3 of 31 (10%) S1P 2 −/− mice showed evidence of lung tumors, including two adenocarcinomas and one very large lung adenoma that could be classified as a carcinoma based on its size. No such abnormalities were present in the 28 S1P 2 +/+ controls. With the exception of the comparatively low incidence of lung lesions, no other neoplasms were associated with S1P 2 gene disruption despite the high incidence of lymphomas. The few S1P 2 +/− mice that underwent full histopathologic analysis (data not shown) displayed neither lymphomas nor lung lesions, consistent with previous reports documenting the lack of other S1P 2 −/− -associated phenotypes in heterozygous animals (e.g., refs. 6, 7). S1P 2 −/− lymphomas uniformly display the features of GC-derived DLBCLs. Histologic characterization of the lymphoma tissue from the S1P 2 −/− mice revealed infiltration by large atypical blast cells admixed with variable amounts of reactive inflammatory and lymphoid cells, consistent with the diagnosis of DLBCL, according to the Bethesda classification for murine lymphoid neoplasms ( Fig. 1, left (19) , in all samples studied (Fig. 2B) . The lymphomas did not express activation markers (CD69−, IRF4−).
Southern blot analysis of the IgH locus by using a JH probe confirmed the clonal origin of the tumors in all samples studied (n = 4/4), as documented by the presence of distinct bands representing clonally rearranged Ig genes (Fig. 3A) . In cases 297 and 246, the detection of two and three bands, respectively, may reflect the derivation from a clone where both Ig alleles had been rearranged, as it occurs in ∼30% of B cells when the first rearrangement is not productive (20) , or it may indicate a biclonal tumor, or both. The relative intensity of the residual germline band observed in all tumors is consistent with the presence of nonneoplastic cells in the biopsy, especially evident in the splenic tumors (case #240). Direct sequencing analysis of the rearranged IgV genes confirmed the clonal origin of the lymphomas and showed evidence of SHM in all samples analyzed ( Fig. 3B and C) . Overall, these data indicate that the DLBCL in S1P 2 −/− mice derive from the clonal expansion of a cell that transited the GC. S1P 2 gene disruption leads to alterations in the immune system before tumor formation. To test whether lymphoma development in S1P 2 −/− mice is preceded by polyclonal abnormalities in B-cell differentiation and maturation, we performed an extensive characterization of the B-cell and T-cell compartments in young (7-to 8-week-old) and 9-to 12-month-old animals, by using flow Figure 1 . Histopathology of DLBCL in S1P 2 −/− mice. Representative DLBCL, featuring H&E staining (note the large tumor cells in the Wright-Giemsa-stained touch preparation in the inset). These tumor cells display positive BCL6 (dark blue), B220 (purple gray), and PNA (reddish brown) staining, and negative IRF4 (dark blue) and CD138 (dark blue) staining. The lymph node is totally replaced by diffuse large cell lymphoma proliferation, containing lymphocytes and inflammatory cells (BCL6, B220, and PNA negative, and IRF4 and CD138 positive). The PNA-stained section also received a light blue nuclear counterstain. Scale bars, 10 μm (bottom) and 1 μm (top). cytometric and immunohistochemical analysis. Mature, immature, apoptotic, and necrotic T-and B-cell subsets were examined in bone marrow, spleen, thymus, peritoneal cavity, and peripheral blood. These experiments showed no significant abnormalities at the relatively early age of 7 to 8 weeks, except for a small increase in CD4+ T cells and a marginal, statistically insignificant increase in CD23−/CD21− B cells (Supplementary Fig. S1 ). In contrast, flow cytometry analysis of nonimmunized, 9-to 12-month-old animals revealed an increase in the number of B220+PNA+ GC B cells in S1P 2 −/− mice (Fig. 4A, inset) , compared with their littermate S1P 2 +/− and S1P 2 +/+ controls. Immunohistochemical and morphometric analysis of GC formation in spleen tissue from the same animals confirmed that the S1P 2 −/− spleens contain an increase in both number and size of spontaneous GCs (Supplementary Fig. S2 ; Fig. 4A and B) , in the absence of overt tumor formation. Given the BCL6+, PNA+ GC phenotype of the DLBCL that develop later in life, these data support the possibility that S1P 2 gene disruption leads to DLBCL by altering GC B-cell regulation. These differences were not detected when the animals were analyzed after immunization with SRBC as a potent stimulus to evaluate T cell-dependent GC responses (Fig. 4C) , possibly because the maximal response evoked by strong antigen delivery masked the effects of chronic low level GC stimulation. S1P 2 −/− mice were indistinguishable from the wild-type controls with respect to apoptosis (measured by AnnexinV binding and 7-AminoActinomycin D uptake) and proliferation (measured by BrdUrd incorporation) of GC cells (data not shown), as well as spleen size (absolute weight or relative to body weight), spleen follicle immunoarchitecture, in situ distribution of marginal zone B cells, defined by CD21 staining (Supplementary Fig. S3 ), and other B-cell subpopulations including CD69+ B cells (data not shown; Supplementary Fig. S4A ). Therefore, the immunologic defects resulting from S1P 2 gene disruption are clearly distinct from the marginal zone B-cell abnormalities recently reported for S1P 3 −/− mice (21).
In the T-cell compartment, analysis of 9-to 12-month-old mice revealed a significant increase in both the percentage (S1P 2 −/− , 14.9%; S1P 2 +/+ , 8.0%; P < 0.025) and intensity of CD69-labeled cells ( Supplementary Fig. S4C ). CD69 is an activation-associated molecule that has a pleotropic immunoregulatory role (22) including fine tuning of the inflammatory and tumor-suppressor response through transforming growth factor β. It remains to be established whether the increase in CD69 expression results from retention of CD69+ cells or increased activation of T cells. No significant differences were observed in other parameters relative to T cell subsets from the spleen, thymus, lymph nodes and peripheral blood, including the percentage of Vβ8 TCR+ cells (Supplementary Fig. S4B ).
The S1P 2 5′ sequences are targeted by multiple somatic mutations in human DLBCL. To determine whether the S1P 2 gene is altered in human DLBCL, we used PCR amplification and direct sequencing to analyze 106 samples (20 cell lines and 86 primary biopsies) for mutations in S1P 2 5′ sequences, and 20 samples (10 cell lines and 10 primary biopsies) for mutations in the S1P 2 single protein-coding exon. Missense mutations of this exon were found in 2 of 20 cases (10%), including one cell line and one primary biopsy (Supplementary Table S1 ). In addition, 28 of 106 (26%) DLBCL samples carried one or more mutations distributed within the first ∼1.3 Kb from the transcription start site, i.e., the hypermutable region in IgV and BCL6 genes (Table 1; Fig. 5 ; refs. [23] [24] [25] . In total, Table S2; Table 1 ). Mutations were somatic in origin, as confirmed by analysis of paired normal DNA in cases with available material, and consisted in the vast majority of cases of single bp substitutions (n = 105), with occasional deletions and duplications of short DNA stretches (n = 6 and 3, respectively; Supplementary Table S2; Table 1 ). Of the 105 single bp substitutions observed, 61 were transitions and 44 were transversions, with a transition/transversion ratio of 1.38 (expected, 0.5; P < 0.0001; χ 2 test) and a preference for G+C versus A+T substitutions (Table 1) . Furthermore, although the relatively low number of events prevented the assessment of statistical significance, the frequency of mutations targeting G residues within an RGYW motif was considerably higher than expected (14% versus 3.4%). Taken together, these features strongly resemble those described for the IgVassociated SHM mechanism (26) , suggesting that the same machinery targets the S1P 2 gene in a sizable fraction of DLBCLs. Notably, sequencing analysis of this same region in 150 clones obtained from purified tonsillar centroblasts did not show significant levels of mutations, when compared with control pre-GC naïve B cells (n = 75) and fibroblasts (n = 82), both of which are known to lack SHM activity (mutation frequencies in the three populations: 0.013%, 0.006%, 0.011%; P = not significant; Supplementary Table S3) . Thus, SHM of S1P 2 does not seem to represent a measurable phenomenon during the physiologic GC reaction, suggesting that the high mutation load suffered by the S1P 2 5′ sequences in DLBCL reflects a tumor-associated aberration (14) . Northern blot analysis in the 20 DLBCL cell lines revealed heterogeneous S1P 2 expression, ranging from undetectable levels to levels comparable with those of GC B cells or type I Burkitt lymphoma lines, representing transformed GC B cells ( Supplementary  Fig. S5 ). No correlation was observed between steady-state expression levels and the presence or absence of aberrant SHM, nor with the mutation load.
Discussion
The present data show that S1P 2 gene disruption in mice leads to tumor formation, indicating a role for this gene as a nonredundant tumor suppressor in vivo. Although a low percentage of the tumors observed were lung adenocarcinomas-warranting further studies with substantially larger groups of animals-the overwhelming majority of the tumors were mature B-cell lymphomas displaying histologic and molecular features of GC-derived DLBCL, suggesting that S1P 2 plays a particularly critical role in suppressing such lymphoma formation.
The mechanism by which loss of S1P 2 promotes DLBCL development remains to be elucidated. One of the main effects of S1P 2 deletion in this model is the expansion of the GC compartment, as documented by an increase in the number and size of spontaneous GCs before any anatomic indication of tumor formation. Moreover, the histologic, immunophenotypic, and molecular features of the lymphomas developing later in life indicate their derivation from a cell that has experienced the GC reaction. Taken together, these observations suggest that loss of S1P 2 promotes lymphomagenesis in part by disrupting GC B-cell homeostasis, which in turn may lead to the accumulation of target cells for transformation, as seen in the Bcl-2-Ig model of lymphoma (27) . 
Cancer Research
Future cell type-specific gene disruption studies will be required to definitively determine which cell types are involved in the S1P 2 -dependent DLBCL suppression. One possibility is that the signaling involves S1P 2 receptors in GC B cells, given that: (a) purified normal GC centroblasts from mouse and human tonsils express S1P 2 ( Supplementary Fig. S6 ), consistent with the presence of S1P 2 cDNA clones in an EST library constructed from purified GC B cells (NCI_CGAP_GCB1); (b) the S1P molecule is present in lymph and plasma at high enough concentrations to constitutively saturate such S1P 2 receptors (28); (c) S1P 2 receptors can regulate cellular differentiation, proliferation, survival, and migration in an apparently cell-autonomous manner, in vitro (1-5); and (d) the S1P 2 gene is aberrantly targeted by SHM in DLBCL cells, although the functional consequences of these mutations are still unknown (this study). Alternatively, S1P 2 receptors may regulate GC B-cell behavior, and DLBCL formation, by acting through other cell types involved in the GC reaction. These include dendritic cells, where expression of S1P 2 receptors may regulate their cytokine release (29) , thereby indirectly influencing B cells. Furthermore, S1P 2 receptor expression has been detected in T cells (30, 31) and the subtle dysregulation of T-cell homeostasis in S1P 2 −/− mice may mediate enhanced GC precursor activation and increase the risk of lymphomagenesis. Notably, a recent report indicates that T cells can promote the production of large B-cell lymphomas, albeit with different characteristics than those of the S1P 2 −/− lymphomas (32).
Our study also identifies the S1P 2 locus as a novel target of aberrant SHM in DLBCL. Mutations affecting putative S1P 2 regulatory sequences were found in >25% of human DLBCL and were comparable in frequencies to other genes that are targeted by aberrant SHM in this disease, including PIM1, PAX5, RhoH/TTF, and MYC (Supplementary Fig. S7; ref. 14) . Mutations also display the characteristic features of the IgV-associated SHM mechanism, but were not found at significant levels in purified normal GC B cells, indicating that they represent a tumor-specific phenomenon, presumably resulting from an aberrant function of the SHM machinery in DLBCL (14) , and raising the possibility that some of these events may have been selected by the neoplastic clone for a role in deregulating S1P 2 expression. In the cell lines analyzed, the expression levels of S1P 2 are variable, with some cases displaying very low to absent S1P 2 mRNA. This scenario may in part reflect the known phenotypic and molecular heterogeneity of DLBCL (see the lack of significant S1P 2 expression in both Ly3 and Ly10, which represents activated B-cell type DLBCL; ref. 33 ). However, S1P 2 mRNA was also essentially absent in cell lines belonging to the GC B cell-derived subgroup, including the one (Ly1) that carries the highest number of mutations (Supplementary Fig. S5 ). Because S1P 2 is normally expressed in GC B cells, its absence in some DLBCL may represent a pathogenetic event. Given the extreme heterogeneity of the mutations, and their variable combination in individual cases, additional experiments will be required to determine the direct functional effect of each mutated allele on the regulation of S1P 2 expression and on DLBCL pathogenesis in vivo.
Notably, in a number of human DLBCL cases, the protein-coding sequence and presumed regulatory regions of the S1P 2 gene are apparently intact. Therefore, although S1P2 mutations may contribute to DLBCL in some cases (as discussed above), the intact S1P 2 receptors in the remaining cases raise the possibility that the receptor could serve as a potential therapeutic target in which S1P2 agonist treatment may decrease DLBCL formation by enhancing S1P2-dependent tumor suppression mechanisms. Clearly, the cellular and molecular aspects of the tumor suppression mechanisms need to first be elucidated.
The immunosuppressive drug FTY720 (FTY720-P) acts on S1P receptors to reduce T-cell and B-cell egress from lymphoid organs (31) . Some data suggest it downregulates S1P 2 in addition to its effects on other S1P receptors (34) . However, the S1P 2 −/− effects described here are likely unrelated given that: (a) the lymphocyte egress effects of FTY720 are mediated by the S1P1 receptor (31, 35) ; and (b) the S1P 2 −/− mice display neither the reduced blood lymphocyte populations (36, 37) nor the marginal zone B-cell displacement (35) seen with FTY720 administration. 
